Pradimicin, a mannose-binding antifungal antibiotic, induces apoptosis-like cell death in Saccharomyces cerevisiae. Previously we found that the substitution of the 74th amino acid from glycine to cysteine in Ypd1 yields a mutant resistant to pradimicin. In this study, the involvement of a membrane-spanning osomosensor, Sln1, which is located upstream of Ypd1, was investigated. A mutant, sln1 ÁNG, that lacks the putative Nglycosylation sites in the extracellular domain became resistant to pradimicin. On the other hand, the null mutants of Ssk1, Pbs2, and Hog1, which are located downstream of the Sln1 cascade, were sensitive to pradimicin as well as the wild-type strain. In conclusion, pradimicin exerts its fungicidal action with the involvement of Sln1, but the downstream branch, Ssk1 and the HOG pathway, is not involved.
Pradimicin, a benzo[a]naphthacenequinone antibiotic, was first isolated from the culture broth of Actinomadura hibisca.
1) It shows potent and broad in vitro fungicidal activity and high in vivo therapeutic efficacy in mice models against clinically important pathogens, including Candida albicans, Aspergillus fumigatus, and Cryptococcus neoformans.
2) Pradimicin binds to the mannose residues on the cell surface components of yeast, such as mannan and mannoproteins, 3) and causes dysfunction of membrane permeability, resulting in apoptosis-like cell death. 4) This binding is essential for pradimicin to exert its fungicidal action, because the antifungal activity is antagonized by mannan, D-mannoside, or a calciumchelator, EGTA. 5) In yeast cells, pradimicin causes nuclear DNA fragmentation and intracellular accumulation of reactive oxygen species, both of which are described as apoptotic markers in metazoans. 4) Despite these observations, the molecular basis for the fungicidal action of pradimicin remains to be determined.
In the genetic analysis of pradimicin-resistant mutants of Saccharomyces cerevisiae, we found that a point mutation of YPD1 resulting in the substitution of the 74th glycine to cysteine renders the mutant highly resistant to pradimicin. 6) In S. cerevisiae, Ypd1 transfers a phosphoryl group from the sensor kinase Sln1 to the two response regulators, Ssk1, which regulate a downstream HOG1 mitogen-activated protein (MAP) kinase cascade in response to hyperosmotic stress, 7) and Skn7, which functions in response to oxidative stress and cell wall damage. 8) Sln1, a membrane-spanning protein, is composed of four distinct regions: an N-terminal section containing two transmembrane domains separated by an extracellular domain, a linker region, a histidine kinase, and a receiver domain.
9) The histidine kinase and receiver domain constitute a prototype sensing and signaling unit of prokaryotes, called a two-component system, which is much less employed in eukaryotic organisms than in prokaryotes.
10) The involvement of Sln1 in the fungicidal action of pradimicin is implied by the resistance of the ypd1 mutant to pradimicin for two reasons. First, Sln1 is located upstream of Ypd1 in the osmosensing signal transduction cascade. Secondly, Sln1 has polymannosyl N-glycosides in its extracellular domain to which pradimicin can bind.
To test the involvement of N-linked polymannosides in the extracellular domain (amino acids 43-334) 9 ) of Sln1, a mutant sln1 ÁNG in which the seven putative Nglycosylation sites (Asn-X-Ser/Thr sequence) were inactivated by substituting Ser102 with glycine, and Thr140, Thr144, Thr183, Ser198, Thr226 and Thr274 with alanine, was generated by site-directed mutagenesis (Fig. 1A) . The microorganisms used in this study were S. cerevisiae 953: ATCC no. 52052 (MAT his4 leu2 ura3 met2 lys2) and Escherichia coli XL1-blue MRF 0 : Note DNA fragment containing SLN1 amplified by the PCR method was subcloned into plasmid pUC19. Inactivation of the putative N-glycosylation sites in SLN1 by sitedirected mutagenesis was carried out using the MutanSuper Express Km kit (Takara Bio). Seven primers were designed for the substitution of 304A to G, 414A to G, 430A to G, 547A to G, 592T to G, 676A to C, and 820 A to G. The partial DNA fragments of SLN1 were subcloned into plasmid pKF18-k (Takara Bio) and mutagenesis was carried out. Each mutated DNA fragment was replaced with the corresponding SLN1 sequence to generate sln1 ÁNG. As the selection marker, a blunt-ended 1.1 kb DNA fragment of URA3 prepared from plasmid pYEUra3 (Toyobo) was inserted into the Bst 1107I site, which is located in the 3 0 -non coding region of sln1. This DNA fragment was transformed to the wild-type strain, S. cerevisiae 953, and Ura þ prototrophs were selected. The mutated DNA region in the yeast transformant was sequenced for confirmation. Quite impressively, sln1 ÁNG showed substantial resistance to pradimicins A and L with the MIC of 50-100 mg/ml (Fig. 1B, Table 1 ). This result strongly suggests that the N-linked polymannosides on Sln1 have a role in the fungicidal action of pradimicin. Its slightly weaker resistance than that of ypd1 G74C might imply that the binding of pradimicin to the oligomannosides on O-glycosylation sites (Ser or Thr residues) is also involved in the fungicidal action. The involvement of O-glycosylation sites should be clarified in the future. In addition, sln1 ÁNG showed susceptibility to some metal ions (Li þ and Mn 2þ ) and temperature, indicating that the polymannosyl N-glycans have essential roles in the function of Sln1, such as sensing the extracellular osmolarity (Fig. 1B) .
The HOG pathway is a MAP kinase cascade consisting of three kinases, Ssk2/22, Pbs2, and Hog1, downstream of Sln1, Ypd1, and Ssk1. 7) Activation of the HOG pathway is known to lead to transcriptional activation of the glycerol biosynthesis genes. To test the involvement of this pathway, null mutants, ssk1Á, pbs2Á, and hog1Á were constructed. Each 3.9, 3.6, or 2.6 kb DNA fragment containing SSK1, PBS2, or HOG1 generated by PCR amplification was subcloned into plasmid pUC19, and the internal 0.99 kb Cla I-Xba I fragment of SSK1, the internal 1.5 kb Hind III-Eco RV of PBS2, or the internal 0.58 kb Eco RI-Hinc II fragment of HOG1 were replaced with a blunt-ended 1.1 kb DNA fragment of URA3, respectively. These constructed DNA fragments were transformed to the wild-type strain, S. cerevisiae 953, and Ura þ prototrophs were selected. The mutation was confirmed by sequencing of the mutation site. These null mutants were sensitive to pradimicin as well as the wild-type strain (Table 1) .
Previously we found that the accumulation of reactive oxygen species (ROS) is induced in yeast cells by pradimicin in association with DNA fragmentation. The MIC values of pradimicins were determined by the microdilution method. Mutants of S. cerevisiae 953 strain freshly cultured on YPD agar were inoculated (10 4 cells/ml) on SD medium containing pradimicin, and cultured at 26 C for 4 d.
Apoptotic DNA cleavage was detected by the TUNEL method and the intracellular accumulation of ROS was detected by DCF-DA staining, as previously described.
4)
Pradimicin-sensitive mutants, including ssk1Á, pbs2Á, hog1Á, and the wild-type strain, showed ROS accumulation and nuclear DNA cleavage, whereas the pradimicin-resistant mutants, sln1 ÁNG and ypd1 G74C, did not show any apoptotic changes (Fig. 2 ).
In conclusion, the results obtained in this study strongly suggest that polymannosyl N-glycosides in the extracellular domain of Sln1 are involved in the fungicidal action of pradimicin, and there is a possibly that the binding of pradimicin to these polymannosides is essential for inducing the apoptosis-like cell death in S. cerevisiae. The present results indicate that the HOG pathway is not involved in the mechanism of action of pradimicin. In S. cerevisiae, Skn7 is regulated in part by Sln1 through a phosphotransfer via Ypd1 to its conserved aspartic acid residue. 8) Skn7 is responsible for the expression of several important oxidative stress genes. 11) It is necessary in the future to carry out further research in order to clarify the downstream cascade of Sln1-Ypd1, including the possibility of the involvement of Skn7, on the action of pradimicin.
